Concentrations of LH in female rats do not increase to concentrations seen in the male at 24 h after castration until up to one week after ovariectomy, while FSH concentrations increase rapidly in both sexes. We hypothesized that the lag in LH rise is due to the imposition of a prolonged suppression by the high concentrations of oestradiol seen during each cycle at pro-oestrus, which prevents a rapid response to the removal of negative feedback. This hypothesis was tested by studying the effect of exposure to pro-oestrus oestradiol concentrations, administered in Silastic capsules, for 24 h on the pulsatile release of LH and FSH. In the first experiment, treatment with oestradiol for 24 h began on day 3 after ovariectomy and resulted in a significant suppression of LH pulse frequency, which appeared to persist for up to 4 days after removal of the implant. In the second experiment, exposure for 24 h to high, pro-oestrous oestradiol concentrations beginning on day 3 or 7 after ovariectomy significantly suppressed mean LH concentrations and LH pulse amplitude compared with vehicle-treated controls, while FSH secretion did not differ between the two treatments. These results suggest that the acute lag in the rate of LH rise after ovariectomy depends on a prolonged suppressive effect of oestradiol and that the rise in oestradiol during the cycle, which exerts a positive feedback to trigger the preovulatory gonadotrophin surges, also exerts a negative feedback for 3\p=n-\4 days, and this contributes to the relative stability of cycle duration in female rats.
Introduction
Gay and Midgley (1969) first characterized a sex difference in the rate of rise of gonadotrophin concentrations following gonadectomy in rats. They and others (Blackwell and Amoss, 1971; Tapper et al, 1972; Brown-Grant and Greig, 1975) found that, upon removal of gonadal negative feedback, LH concentrations in males increase to five to ten times control concentrations within 8 to 12 h after castration, while in females the LH response to ovariectomy at any stage of the oestrous cycle is slower. Serum LH doubles by 24-48 h and does not increase further until day 4 or 5 after ovariectomy (Gay and Midgley, 1969; Blackwell and Amoss, 1971; Tapper et al, 1972) . FSH, in contrast, rises quickly within the first 24-48 h in both sexes, reaching two to four times the precastration values (Brown-Grant and Greig, 1975;  Spitzbarth et al, 1988) .
The rise in mean LH concentrations after ovariectomy results from increases in both LH pulse amplitude and pulse frequency. Ovariectomy at various stages of the cycle results in significant increases in LH pulse amplitude and frequency by 24 h (Leipheimer et al, 1984 (Leipheimer et al, , 1985  Gallo and Bona-Gallo, * Correspondence.
Revised manuscript received 18 August 1993 18 August . 1985 . Despite these initial increases, pulsatile LH release does not increase further until between days 4 and 10 after ovariectomy (Leipheimer and Gallo, 1983;  Higuchi and Kawakami, 1982) . Pulsatile FSH secretion has not been charac¬ terized as extensively as pulsatile LH secretion. We reported that by 24 h after metoestrous ovariectomy, FSH pulse fre¬ quency does not change significantly and FSH pulse amplitude approximately doubles (Luderer and Schwartz, 1991) . Other workers have found that by four weeks after ovariectomy FSH pulses occur at about half the frequency of LH pulses (Lumpkin et al, 1984; De Paolo, 1985) .
Oestradiol replacement can completely reverse the increases in concentrations of serum LH after ovariectomy, and partially suppress serum FSH toward concentrations in intact animals and can reinstate afternoon surges of both gonadotrophins (Savoy-Moore and Schwartz, 1980) . Oestradiol continues to exert stimulatory and suppressive effects on LH secretion in ovariectomized rats, even after the source of oestradiol has been removed and circulating concentrations of oestradiol have fallen to values observed in ovariectomized animals. In one study, exposure of ovariectomized rats to supraphysiological oestradiol concentrations for 24 h resulted in a 50% suppres¬ sion of morning concentrations of LH and robust afternoon LH surges for 4 days after removal of the implant (Legan et al, 1975) .
Together the data from post-castration and oestradiol replacement studies suggest that removal of oestradiol alone may be responsible for the pattern of LH, but not FSH, increase following ovariectomy. We hypothesized that oestradiol exerts its suppressive effects by setting in motion a cascade of events, such as the synthesis of a hypothalamic protein(s) with a long half-life, for which the continued presence of oestradiol is not required. To test this hypothesis, we treated ovariectomized rats with oestradiol and compared the changes in LH and FSH pulsatility after removal of oestradiol with changes after ovariectomy. Thus, the aims of the following studies were (i) to test the hypothesis that oestradiol exerts a prolonged sup¬ pressive effect on pulsatile LH, but not FSH, secretion in the adult female rat, and (ii) to characterize the pulsatile nature of FSH secretion in metoestrous rats and at various times after ovariectomy and to further characterize the LH lag after ovariectomy. An abstract of this work was presented at the 71st Annual Meeting of the Endocrine Society, 1989. 
Materials and Methods

Animals
Oestradiol implants
Silastic tubing (0.062 i.d. 0.125 o.d.) was plugged at one end with Silastic polymer; segments were filled and the other end was also plugged with polymer. In Expt 1 crystalline oestradiol (Sigma, St Louis, MO) was dissolved in peanut oil by warming to 65°C at a concentration of 150 µg ml~. Lengths of 10 mm per 100 g body weight were used to produce serum concentrations of 23.3 ± 2.2 pg ml~. In Expt 2 crystalline oestradiol was packed into 5 mm lengths of tubing. These implants produced serum concentrations of 77.6 + 1.5 pg ml-.
For comparison, oestradiol concentrations in the control ova¬ riectomized animals fell to 8.0+ 1.3 pg ml-1 wit ovariectomy and did not change significantly thereafter, and oestradiol concentrations in intact pro-oestrous rats in our colony range from 20 to 80 pg ml-1. The implants were incubated overnight in 0.1% Type A gelatin (Grayslake Gelatin Co., Grayslake, IL), 0.9% saline to prevent an initial 'surge' of oestradiol after implantation.
Collection of blood samples Blood samples, 0.5 ml, were withdrawn through the sam¬ pling catheter every 6 min for 3 h beginning at 09:00 h. After every second sample, 1.0 ml of a blood replacement mixture (Ellis and Desjardins, 1982) , consisting of erythrocytes from donor females reconstituted with human plasma protein frac¬ tion (Plasmanate, Cutter Laboratories), was injected. This mixture contains no immunoassayable LH, FSH or GnRH, and contains concentrations of oestradiol comparable to those of ovariectomized rats. The samples were then allowed to clot overnight at -4°C, were centrifuged at 6000 g for 20 min and the serum was stored frozen at -70°C until radioimmuno¬ assay for LH and FSH. In addition, 0.5 ml of blood for oestradiol radioimmunoassay was withdrawn from each rat in Expt 1 at 12:00 and 17:00 h on every day from day 0 to day 11 and replaced with an equal volume of heparinized saline.
Autopsies
The animals were decapitated and trunk blood was collected. The uteri were dissected out; wet and dry uterine weights and uterine fluid weights were obtained. Autopsies occurred on metoestrus or day 11 at 17:00 h in Expt 1 and on the day of collection of serial blood samples at 16:00 h in Expt 2.
Radioimmunoassays
Plasma fractions were analysed using a rahrat or an ovine:rat system for LH (NIDDK RP-2 in Expt 1 or NIH LH S25 in Expt 2 as standard and anti-rat LH antibody S-10 from the NIDDK kit). Results are expressed in terms of RP-2 (S25 is equivalent to RP-2). A rahrat system was used to measure FSH (NIDDK rFSH RP-2 as standard and NIDDK anti-rat FSH antibody S-ll). The intra-assay coefficients of variation (CV) of the LH and FSH assays were 19% and 26%, respectively for the first assay for Expt 1, 8% and 12%, respectively for the second assay for Expt 1, 6% and 6% for Expt 2. The interassay CVs were 32% for LH and 17% for FSH. Serum concentrations of oestradiol were also measured by radioimmunoassay after ether extractions, using [3H]oestradiol (Amersham, Arlington Heights, IL) and 0.1 ml oestradiol antiserum (GDN 244, provided by G D. Niswender, Colorado State University, Fort Collins, CO) at a working dilution of 1:50 000. The basic procedure for this assay has been validated by Nequin et al (1975) . The intra-assay CVs were 3% and 2% for the two assays for Expt 1 and 12% for Expt 2. The interassay CV was 17%.
Statistical analysis
The ULTRA pulse detection program (Van Cauter, 1988) was used to determine significant LH and FSH pulses. This program takes as input the data values, the coefficients of variation (CV) of the concentration ranges of the assay and a threshold expressed in terms of number of assay CVs. For these analyses a two CV threshold was used. Values for mean pulse amplitude and mean pulse frequency for each animal were obtained from the ULTRA analysis. Mean hormone concentrations, pulse amplitude and pulse frequency were analysed by two-way analysis of variance (ANOVA), with day post-ovariectomy and treatment as between variables, using the CRUNCH interactive statistical package (Crunch Software, Oakland, CA). Differences among treatment groups were assessed by post-hoc t test and were considered significant if P<0.05. Experiment 1: pulsatile FSH and LH secretion in control rats and ovariectomized rats treated with oestradiol for 24 h Female rats were allocated to three treatment groups.
Group 1 consisted of intact controls. The animals in groups 2 and 3 were ovariectomized on metoestrus (day 0). Atrial catheters were placed on the day of ovariectomy for groups 2 and 3 and on oestrus for group 1, Group 2 received vehicle implants and group 3 received oestradiol implants. The implants were inserted at 09:00 h on day 3 after ovariectomy and removed at 09:00 h on day 4. Serial blood samples were withdrawn on metoestrus for the intact controls. For treatment groups 2 and 3, sampling occurred on 1 day between day 1 and day 11 after ovariectomy (samples were collected from a total of 21 groups, = 2-4 per group).
Experiment 2: effect of treatment with oestradiol for 24 h beginning on day 3 or 7 on pulsatile LH and FSH release on day 5 or 9 after ovariectomy Rats were ovariectomized at 09:00 h on metoestrus (day 0). There were two control and two oestradiol treated groups: one control group (n = 4) received empty implants from 09:00 h day 3 to 09:00 h day 4; the other control group (« = 4) received empty implants for 24 h beginning at 09:00 h day 7. The treated groups (n = 4 per group) received implants filled with crystalline oestradiol during the same periods. Serial blood samples were collected either on day 5 for those animals that received implants on day 3 or on day 9 for those that received implants on day 7.
Results
Experiment 1: pulsatile FSH and LH secretion in control rats and ovariectomized rats treated with oestradiol for 24 h By 3 h after ovariectomy circulating oestradiol had fallen to about 7-8 pg ml~ and did not decrease further until autopsy on day 11 in the oil-treated controls (data not shown).
Treatment with oestradiol implants resulted in an almost threefold increase in serum concentrations of oestradiol on day 3 (7.8 + 0.5 pg ml~x in the oil-treated animals versus 23.3 + 2.2 pg ml-1 in the oestradiol treated animals). Indi¬ vidual profiles of pulsatile LH and FSH release for representa¬ tive animals from several treatment groups are shown (Fig. 1 ).
LH secretion was clearly pulsatile in metoestrous and ovariec¬ tomized animals. FSH pulses occurred less frequently and with more variable amplitudes (Fig. 2 ). Mean concentrations of LH, LH pulse amplitude and pulse frequency in the oil-treated animals increased significantly with day after ovariectomy (P<0.001; P<0.002; P<0.04, respectively). Post-hoc I test showed that mean concentrations of LH and LH pulse ampli¬ tude were significantly higher in serum of animals on days 4, 6, 7, 9, 10, 11 after ovariectomy than in metoestrous animals. LH pulse frequency was significantly increased compared with metoestrous concentrations by day 3 (metoestrus <days 3, 6, 7, 9, 10, 11 by post-hoc I test). The post-hoc tests show that all three parameters of LH secretion were not consistently increased until day 9 after ovariectomy. In the oil-treated animals mean FSH concentrations also increased with day after ovariectomy (P<0.001; metoestrus<days 2-11 by post hoc I test), while FSH pulse frequency decreased with day (P<0.05; metoestrus> days 2, 4, 6, 7, 9, 10 by post-hoc I test) and pulse amplitude did not change significantly. Oestradiol treatment suppressed LH pulse frequency (P<0.05), which appeared to persist for 4 days after capsule removal (pulse frequency in the oestradiol-treated animals was lower than that in the oil-treated animals on days 3, 5, 6, 7, 8 and 9). The effect of oestradiol on mean concentrations of LH and the interaction between treat¬ ment and day on LH pulse amplitude approached significance (P = 0.075; = 0.071). Treatment with oestradiol did not affect FSH secretion, although the interaction between treatment and day after ovariectomy on FSH mean concentrations approached significance (P = 0.066).
Experiment 2: effect of treatment with oestradiol for 24 h on day 3 or day 7 on pulsatile LH and FSH release on day 5 or 9 after ovariectomy The near significance of oestradiol administration on pulsa¬ tile LH secretion in Expt 1 led us to speculate that increasing the dose of oestradiol to high physiological concentrations might enhance its suppressive effect. Alternatively, the sup¬ pressive effect might become more evident if the implantation of oestradiol capsules was delayed until a day when LH concentrations were reliably increased in all animals. Thus, all the animals in this experiment received a higher dose of oestradiol, and capsule implantation was delayed in half the animals.
The LH and FSH release profiles from representative animals in each group and the summarized data are shown (Figs 3  and 4 ). Mean concentrations of LH in the controls were sig¬ nificantly higher (P<0.003) on day 9 than on day 5 after ovariectomy, because of a non-significant increase in pulse amplitude and a significant increase in frequency (P<0.02; Fig. 4a-c) . LH pulse amplitude (P<0.02) and mean concen¬ trations (P< 0.004) were significantly suppressed on days 5 and 9 after oestradiol treatment beginning on days 3 and 7, and LH pulse frequency suppression approached significance (P = 0.076). FSH pulsatility did not differ between the 2 days in the control animals, and FSH was unaffected by treatment with oestradiol ( Fig. 4d-f ). The uterine wet and dry weights were significantly increased in the groups treated with oestradiol for 24 h compared with the control groups (P< 0.003, P<0.04, respectively; data not shown). Representative LH (·-·) and FSH (o-o) release profiles obtained from intact metoestrous or ovariectomized rats treated with oilor oestradiol-filled implants (Expt 1).
The animals were ovariectomized and received atrial catheters on metoestrous morning (day 0). Each animal underwent frequent blood sampling (every 6 min) from 09:00 to 12:00 h on a single day, as indicated below. Rats that were serially bled after day 2 received s.c. implants containing 150 µg oestradiol ml~ oil or control oil-filled capsules (length of 10 mm (100 g) " ' body weight) from 09:00 h on day 3 until 09:00 h on day 4. Significant LH and FSH pulses as determined by the ULTRA program are indicated by the downward and upward-pointing arrowheads, respectively, (a) Intact metoestrus, (b) oil-treated, sampled day 3, (c) oil-treated, sampled day 4, (d) oil-treated, sampled day 5, (e) oestradioltreated, sampled day 4, (f) oestradiol-treated, sampled day 5, (g) oil-treated, sampled day 7, (h) oil-treated, sampled day 9, (i) oestradiol-treated, sampled day 7, (j) oestradiol-treated, sampled day 9. The animals were ovariectomized and received atrial catheters on metoestrous morning (day 0). Each animal underwent frequent blood sampling (every 6 min) from 09:00 h to 12:00 h on a single day. Rats that were serially bled after day 2 received s.c. implants containing 150 µg oestradiol ml~ oil or control oil-filled capsules (length of 10 mm (100 g~* ) body weight) from 09:00 h on day 3 until 09:00 h on day 4. The filled dots and triangles represent individuals, and the open and striped bars represent the mean ± SEM for each sampling group. In the oil-treated animals ( , ·) (a) mean concentrations of LH, (b) LH pulse amplitude and (c) LH pulse frequency and (d) mean concentrations of FSH increased significantly with day after ovariectomy (P<0.001; P<0.002; P<0.05; P<0.001, respectively); (e) FSH pulse amplitude did not change and (0 FSH pulse frequency decreased with day (P<0.05). There was a significant suppressive effect of oestradiol treatment (S3, A) on LH pulse frequency (P<0.05). The effect of oestradiol on mean concentrations of LH approached significance (P = 0.075).
Discussion
These studies demonstrate that the increases in mean FSH secretion after ovariectomy are not due to increases in pulse amplitude or in pulse frequency in rats. In contrast, Levine and Duffy (1988) found that in male rats, in addition to high baseline values, FSH pulse frequency and amplitude, which both doubled by 24 h after castration, also played a role in the increase in mean FSH concentrations. The experiments reported here also demonstrate that the delay in the rate of serum LH rise following ovariectomy lasts for up to a week following an initial small increase. Significant increases in LH pulsatility occur within 24-48 h after ovariectomy (Leipheimer and Gallo, 1983; Luderer and Schwartz, 1991;  present study); however, the rate of increase then decreases considerably compared with LH secretion in castrated male rats (Ellis and Desjardins, 1984; Spitzbarth et al, 1988) ovariectomized rats received either (a, c) blank or (b, d) crystalline oestradiol-filled implants (n = 4 per group) for 24 h beginning at 09:00 h. Blood samples were withdrawn every 6 min from 09:00 to 12:00 h one day after the implants were removed (a and b, day 5, or c and d, day 9). Significant LH and FSH pulses as determined by the ULTRA program are indicated by downward and upward pointing arrowheads, respectively.
while mean concentrations of FSH increased threefold by day 1-2. Taken together, the present and previous studies suggest that LH secretion in female rats responds immediately, but only partially, to the removal of negative feedback, and is then restrained from further increases for up to a week.
The finding of decreased FSH pulse frequency after ovari¬ ectomy is consistent with previous studies in which FSH pulse frequency at one month after ovariectomy (De Paolo, 1985) was half that of LH pulse frequency. These results suggest that pulse-like increments of FSH release are not driven by pulses of GnRH. Administration of GnRH antisera or antagonists to gonadectomized rats results in a rapid suppression of serum LH to concentrations in intact animals, but FSH secretion is suppressed neither as rapidly nor as profoundly (Blake and Kelch, 1981; Charlesworth el al, 1984; Condon et al, 1986; Kartun and Schwartz, 1987) . Moreover, FSH pulse amplitude and frequency remain unchanged after GnRH antagonist treatment (Culler and Negro-Vilar, 1986 ). The excitatory neurotransmitter N-methyl-D,L-aspartate, which acts by stimulating GnRH release (Bourguignon et al, 1989) , elicits pulse-like increments in LH secretion without increasing FSH secretion (Luderer et al., 1993; Strobl et al, 1993) . While GnRH stimulates both LH secretion (Wildt et al, 1981) and synthesis (Gharib et al, 1990) in vivo, GnRH may influence FSH secretion primarily by stimulating its synthesis (Dalkin et al, 1989; Rodin et al, 1989) . Alternatively, the apparent lack of minute-to-minute regulation of FSH by GnRH may be due to the much less rapid metabolic clearance of FSH than of LH (Gay and Bogdanove, 1968; Bogdanove and Gay, 1969; Schwartz, 1983) .
The results of the experiments reported here demonstrate that administration of oestradiol for 24 h suppresses LH pulse amplitude and mean concentrations significantly and tends to decrease pulse frequency for at least 24 h after removal of the implant. In contrast, FSH secretion was not suppressed at this time. These results expand on previous studies, which showed that mean LH concentrations in ovariectomized rats remain suppressed for several days after exposure to oestradiol (Legan et al, 1975) and that FSH secretion is less susceptible to suppression by oestradiol than is LH (Campbell and Schwartz, 1979;  Savoy-Moore and Schwartz, 1980) . Thus, divergence in LH and FSH secretion after ovariectomy may be due to a prolonged suppressive effect of oestradiol on LH, but not on FSH. The lag in the rate of LH rise during the first week after ovariectomy was shown not to be merely caused by a suppressive effect of any remaining circulating oestradiol of adrenal or gonadal origin by previous work: adrenalectomy and oestrogen antagonist treatment superimposed on ovari¬ ectomy do not change the pattern of LH rise (Savoy-Moore and Schwartz, 1980) . The fact that pulsatile LH secretion remains suppressed 24 h after oestradiol concentrations are no longer increased (present study) and that LH surges are seen for 4 days after exposure to oestradiol for 29 h (Legan et al, 1975) Shapiro, 1988) . The prolonged LH response to negative feedback of oestra¬ diol, which this study demonstrates, is clearly unique to the sexually differentiated female reproductive axis. Gay and Hauger (1977) showed that after the removal of implants of the sex-opposite steroid from gonadectomized adult rats, LH concentrations in males increased rapidly and LH concen¬ trations in females showed the typical lag, disproving the hypothesis that the last steroid to which the hypothalamicpituitary axis is exposed determines the LH response to gonadectomy. Prepubertal rats do not show the same sex difference as do adults: LH concentration increases rapidly in females and is delayed in males (Rabii and Ganong, 1976; Lorenzen and Ramaley, 1981) , suggesting that the ability to respond to high oestradiol concentrations with a LH surge is not compatible with a rapid LH response to the removal of negative feedback and that the events at puberty that enable the females to respond to high oestradiol concentrations with a gonadotrophin surge are also responsible for the LH lag after ovariectomy.
In summary, these experiments have confirmed that there is a lag in the rate of rise in LH pulse amplitude and frequency as well as mean concentrations after ovariectomy which may last for as long as 9 days, and demonstrated that the increase in mean FSH concentrations that occurs during the first 4 days after ovariectomy is not due to increasing amplitude or frequency of FSH pulses, and that exposure to high circulating oestradiol concentrations for 24 h can suppress LH pulsatility, but not FSH pulsatility, for at least 24 h after removal of oestradiol. This finding suggests that the lag in the rate of LH rise during the first week after ovariectomy is probably caused by prolonged suppressive effects of oestradiol. Moreover, these results indicate that the high dioestrous and pro-oestrous oestradiol concentrations may be important not only for triggering the preovulatory gonadotrophin surges, but also for maintaining low concentrations of LH secretion during the remainder of the oestrous cycle.
